gases and vapours in blood 15 and biological tissues, [16] [17] [18] [19] the distribution of compounds between blood and brain 20, 21 and between blood and biological tissues, [17] [18] [19] and the toxicity of compounds towards a variety of organisms. [22] [23] [24] [25] [26] It is the purpose of the work to obtain descriptors for mercury and mercury (II) species that can be used in the above equations to predict their effect on a very large number of environmental and toxicological processes.
Methodology
We use two solvation equations, or linear free energy relationships, LFERs, eqn. (1) and eqn. (2). 
In eqn.
(1) and eqn. (2) , the dependent variable, SP, is a set of solute properties in a given system. Eqn. (1) is used for processes in condensed systems, for example SP could be log Poct for a series of solutes, and also for gas to water partitions, as log Kw, where Kw is the unit less partition coefficient defined by eqn. (3). Kw = (conc of solute in water, mol/L)/(conc of solute in gas phase, mol/L)
Eqn. (2) is used for gas to solvent partitions, as log Ks, where Ks is defined similarly to Kw. Both eqn.
(1) and eqn. (2) can be used for the gas to water partition. The independent variables in eqn.
(1) and eqn. (2) are solute descriptors as follows. 10 , 11 E is the solute excess molar refraction in units of (cm 3 mol -1 )/10, S is the solute dipolarity/polarizability, A and B are the overall or summation hydrogen bond acidity and basicity, V is the McGowan characteristic volume 27 in units of (cm 3 mol -1 )/100, and L is the logarithm of the gas to hexadecane partition coefficient at 298 K.
The use of eqn.
(1) and eqn. (2) in the determination of descriptors has been described in detail, 10, 11 and numerous examples are available. [28] [29] [30] [31] [32] Equations on the lines of eqn.
(1) and eqn. (2) are set up for a number of physicochemical processes, using solutes whose descriptors are known, and the corresponding SP values for a given compound obtained from the literature. There are six descriptors in eqn.
(1) and eqn. (2) that are required for any compound. However, V can usually be calculated from atomic and bond contributions, 27 and E can then be obtained by one of a variety of methods. If the refractive index of the liquid compound at 293K is available, E can be obtained directly. Otherwise E can be calculated by addition of fragments. This then leaves four descriptors to be evaluated, S, A, B, and L. In principle if four SP values were available for four calibrated systems, the four descriptors could be obtained. In practice, as many system equations as possible are used, and the descriptors that lead to the best fit of calculated and observed SP values are taken. The calculations are considerably aided by the 'Solver' program in Microsoft Excel,® that can be set up to find the best fit automatically.
It is possible to increase the number of available equations through eqn. (4),
where Ps is a water to solvent partition coefficient and Ks is the corresponding gas to solvent partition coefficient.
Log Ps = log Ks -log Kw (4) If Kw is known, any set of log Ps values can be transformed into log Kw values, thus doubling the number of equations that can be used. If Kw is not known, it can be allowed to float as another descriptor to be obtained. Although this has the effect of increasing the number of unknown descriptors, it considerably increases the number of equations, especially as there are two different equations for log Kw, one in terms of eqn. (1) and one in terms of eqn. (2) . Table 5 and Table 6 . If the radii are converted into volumes, Vvan, there are reasonably good correlations between Vx and Vvan: Vx = -2.834 + 1.020 Vvan (from Table 5 32 ) Table 6 32 ) (6) N = 15, R 2 = 0.954, SD = 2.00, F = 1220.5
Results

Mercury
In these equations, N is the number of data points, R is the regression correlation coefficient, SD the standard deviation, and F the F-statistic. From the given 32 However, the disparity between Vx values obtained from different sources is so great that some additional method is needed.
Since one of the purposes of obtaining descriptors for mercury(II) species is to be able to predict solubilities and solubility related processes such as water-solvent partitions, it seemed logical to use known solubilities to obtain Vx (or Vx/100 denoted as V). The solubility of liquid mercury in water 1, 2 , Sw, and in organic solvents 2 , Ss, is known and in Table 1 are listed the solubilities that have been used, as log Sw and log Ss. These can all be converted into water-solvent partition coefficients, using the known value 1 ,2 for log Sw as -6.53, and in Table 1 are given the derived log Ps values. Furthermore, the Henry's Law constant for mercury in water at 298K is known 1, 2 as the gas to water partition coefficient, 2 log Kw = 0.46. Then from log Kw and log Ss, the various log Ks partition coefficients can be obtained through eqn.
(4); details are in Table 1 . A preliminary analysis indicated that the log Ps values for methanol and wet octanol were considerably out of line, and these two solvents were considered no further. The remaining log Ps values together with the log Ss and log Ks values comprised no less than 33 data points to be fitted with the solvation descriptors. The E-descriptor could not be allowed to float, because it is derived from V and the refractive index of mercury at 293K, which is1.68. 33 Initial values of V and E were obtained, and V and the refractive index were then used to obtain a better value of E. This was repeated until no further improvement in fits with the data was Table 2 . 
Mercury(II) chloride.
For mercury(II) chloride, the value of V = 0.3400 for mercury leads directly to V = 0.6278, but an estimate of E is desirable. We take E as the sum of E for mercury, 0.85, plus two chlorine atoms in chloroalkanes, 0.20 each, to give 1.25 as the total E. Solubilities are known for mercury(II) chloride in water 1 and in a variety of solvents 34, 35 and can be combined to yield log Ps values. However, this can only be done for rather nonpolar solvents, because for many polar (basic) solvents, solvates are formed. In Table 3 these are in Table 4 Table 5 together with derived log Ps and log Ks values. The values for ether, propanone and acetonitrile were well correlated, and so it appears that solvate formation in these solvents can be ignored.
There are 20 data points to be correlated and with E fixed at 2.09 and V fixed at 0.8994, these 20 points were correlated by S = 1.35, A = 0.28, B = 0.37, and L = 6.316 with an SD of only 0.087 log units, when log Kw ( 5.69) was allowed to float. Alkylmercury(II) halides. V for these compounds can now be calculated using V = 0.3400 for mercury. For the chlorides, E was estimated from E = 0.850 for mercury(II) chloride and experimental values of E for dialkylmercury(II) as listed in Table 6 . The refractive indexes of the latter compounds were from ref. 33 . available. These give a total of 10 equations that can be fitted with SD = 0.037 log unit using E = 1.03, S = 1.50, A = 0.13, B = 0.28, L = 4.569 and V = 0.7872; log Kw was allowed to float as 4.58. From the solubility of ethylmercury(II) chloride in water given by Tajima and Kai, 42 log Sw = -2.376, and the gas phase concentration, 43 log Cg = -7.142 a value of 4.77 is found for log Kw, in good agreement with the value we estimate. For propylmercury(II) chloride, log Ps values are known only for ether and benzene, 9 and for butylmercury(II) chloride and pentylmercury(II) chloride only for ether. 9 We obtained the descriptors listed in Table 7 by fixing A = 0.13 and B = 0.27 by comparison to those for ethylmercury(II) chloride.
There are but few experimental data for other alkylmercury(II) halides. 37 give log Kw as 3.15, but with this as fixed quantity, the six available equations could be fitted to only 0.170 log units. If log Kw was allowed to float and to take the value 3.69, the six equations were fitted with SD = 0.013 log Values of E and V can be calculated as before, and there is just enough data to obtain the descriptors given in Table 7 .
Stary and Kratzer 46 also give log Ps for phenylmercury(II) thiocyanate but only for benzene and chloroform, and there is not quite enough data to obtain reliable descriptors. 48 give log Ks values into toluene at 276, 296, and 308K from which a value 3.55 for log Ks at 298K can be obtained. We can also obtain a value for log Kw from log Sw = -2.23, 44 and log Cg = -2.48 49 giving 0.25 for log Kw. If we take log Ps for octanol as 2.42, the average of the two values, we can fit the available data with an SD of 0.039 with the descriptors shown in Table 7 . The calculated value of log Kw is 0.41 in good agreement with the two experimental values. We have also estimated descriptors for a few other dialkylmercurys, by comparison to dimethylmercury, as given also in Table 7 .
Diphenylmercury. V can be calculated as usual, and E estimated as for phenylmercuric(II) chloride. Ramsey et al. 50 have measured a large number of retention indexes on non-polar gas chromatographic stationary phases. They Solubilities of diphenylmercury in heptane, ether, dioxane, chloroform and benzene at 293K have been recorded. 50 The solubility in water at various temperatures is known, 51 and another value at 298K is available; 36 these yield log Sw = -4.63 at 293K and combination with the solubilities in the non-aqueous solvents gives log Ps values.
Only those in heptane and ether were used, because of possible solvate formation. The descriptors shown in Table 7 account for the GLC data and partition coefficients.
2-Methoxyethylmercury(II) chloride.
Although this has been used as an *** under the name 'Aretan', the only physicochemical data we have been able to find are the vapour pressure 45 that corresponds to log Cg = -7.75 at 298K, and the aqueous solubility 52 that yelds log Sw = -0.77; from these, log Kw = 6.98. The descriptors given in Table 7 are approximate only, in that they simply reproduce the log Kw value.
Discussion
The value of V that we have selected for mercury, and the subsequent descriptors yield calculated log Kw, log Ks, log Ps and a number of GLC retention data that are in good agreement with experimental values. There are only a few cases where this is not so. For mercury itself, the log Poct value 1, 2, 53 and log Ks in methanol 1, 2 are not fitted at all well. However, the log Ks value in propan-2-ol is fitted reasonably well (observed value 1.42, fitted value 1.53). In addition, Okouchi and Sasaki 53 give the solubility of mercury in dry octanol as ≥ 4.0 ×10 -6 mol dm -3 . When combined with the vapor concentration of mercury at 298K, 1, 2 log Cg = -6.98, this yields an observed value of log Ks in dry octanol as ≥ 1.58, by comparison with a predicted value of 1.59, from the descriptors in Table 7 and the equation in Table 2 . Hence of the one observed log Ps and three observed log Ks values that pertain to alcohols, two are out of line and two are fitted reasonably well. One of the most important parameters in calculations of environmentally important processes is the water to octanol partition coefficient, as log Poct. As we mentioned in the introduction, most of the general methods for calculating compound
properties cannot be used for species that contain mercury, and those that can be used are not very reliable. We have checked on the CODESSA method and this is also unreliable. Of the specific methods for log Poct, both ClogP and KOWWIN can deal with mercury containing compounds, and we give in Table 9 , calculated, and where available, experimental values of log Poct. Neither method is very reliable. This is no reflection on the methods, but is simply a result of lack of compounds in the training sets. With the lone exception of mercury itself, the calculated values from our descriptors and our equation for log Poct agree with the limited experimental data, and appear to be reasonable. We suggest that, at the moment, the calculated values are the most reliable estimates of log Poct. The other very important environmental parameter is the gas to water partition coefficient, Kw, especially for the more volatile organomercury compounds. In Table   10 are listed our calculated values together with what experimental data there is. We include a few representative calculations through CODESSA, but it is clear that the method can lead to very considerable errors. As for log Poct, we suggest that the calculated values in Table 10 are the most reasonable estimates at present. 
Thus from the descriptors in Table 7 , we can calculate all three input quantities. More realistically, if we have log Kw at 298K available, as in Table 10 , then a calculation of ΔH w o (298) and ΔCp w will enable log Kw at any other temperature to be estimated.
There are only a few values of ΔH w o (298) for organomercury(II) species that are available, or can be calculated, as a test of eqn. (9) . Details are in Table 11 ; the enthalpies of solution in water for the alkylmercury (II) halides were obtained from the temperature variation of the solubilities given by Tajima et al. 55 The predicted values are from eqn. (9) . There is excellent agreement between experimental and predicted values; any of the differences would lead to only trivial differences in calculated values of log Kw(T). We therefore use predicted values of ΔH w o (298) and ΔCp w obtained through eqn. (9) and eqn. (10), together with the log Kw values at 298K in Table 10 to predict log Kw for organomercury(II) compounds through eqn.
(8). Results are in Table 12 . As pointed out before, 12 the key parameter in the calculation of log Kw(T) is the value taken for log Kw(298) and hence all the log Kw(T) values in 
Results shown in Table 13 In addition to the equations, above and in Table 2 , for partition of compounds between the gas phase and solvents, we have also obtained equations for partition between the gas phase and biological phases. [15] [16] [17] [18] [19] Hursh 63 has obtained the partition coefficients for mercury between air and blood and between air and plasma at 310K
(the temperature at which our equations refer to). The relevant equations are eqn. (14) and eqn. (15) from which we can predict partition coefficients for mercury. We find for the air to blood partition, log K(obs) = 0.62 and log K(pred) = 0.53, and for the air to plasma partition, logK(obs) = 0.38 and log K(pred) = 0.24. It is therefore possible that for mercury itself we can use our equations for partitions between the gas phase and biological tissues such as brain, 16 muscle, 17 fat, 18 and liver 19 to predict partition coefficients.
Log K(air-blood) = -1.069 + 0.456 E + 1.083 S + 3.738 A + 2.580 B + 0.376 L (14)
Log K(air-plasma) = -1.435 + 0.543 E + 1.677 S + 3.518 A + 3.982 B + 0.192 L (15)
The situation for organic mercury is not straightforward. 64 The actual species present in the tissue is unknown. In addition, methylmercury(II) is actively transported across the bloodbrain barrier, 65 whereas our equations refer to passive transport. Our equations are therefore of little help in predicting 'practical' air-tissue or blood-tissue distributions of methylmercury(II) or of alkylmercury(II).
Conclusion
We have obtained descriptors for mercury(II) species that can be used in already available equations to predict properties of environmental importance. These include the water to octanol partition coefficient, the partition of gases and vapors between the gas phase and water at 298K, and the temperature variation of the partition coefficient. Although we have concentrated on the prediction of values for environmentally important processes, the descriptors given in Table 7 can be used to predict values for any physicochemical process that has been characterized through eqn. (1) or eqn. (2) . The characteristic coefficients for various processes are in Table   2 , and it is trivial to obtain the required SP values from the descriptors in Table 7 .
